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The question then is how the same 
neurons convey two different sorts of 
information. The answer is that motor 
giants are capable of generating two 
types of action potentials, small/slow 
calcium spikes and large/fast sodium 
spikes, depending on the degree of 
depolarization it receives. As opposed 
to the input from the ring giant, the 
input from the pacemaker is too low 
to trigger the sodium spikes, thus only 
inducing slow swimming. In addition to 
speed control, Aglantha can steer the 
direction of swimming by changing the 
shape of the bell opening, the velum. 
Many Hydrozoa species, including 
Aglantha, can move individual 
tentacles to deliver captured prey to 
the mouth, which requires coordinated 
directional movement of a tentacle, 
velum, and manubrium. 
What is interesting about jellyfish 
nervous systems? Being an outgroup 
to Bilateria with complete nervous 
systems, jellyfish have been attractive 
models for studying the evolution of 
nervous systems. For example, by 
comparing the expression of genes 
involved in the development of sense 
organs with that of Bilaterians, one 
could ask the evolutionary origin of 
sense organs. From a physiological 
point of view, the relatively primitive 
architecture and behavior of jellyfish 
provide an opportunity to address how 
sensory inputs and internal information 
are integrated to produce coordinated 
motor outputs. Intriguingly, despite 
the simplicity of their neuronal 
organization, jellyfish appear to 
have the full battery of molecular 
machinery for neurotransmission and 
neuromodulation (for example, ion 
channels, traditional neurotransmitters, 
peptides, amino acids, small 
molecules, and their receptors). It 
remains largely unknown how this 
molecular variety contributes to the 
function of jellyfish nervous systems.
Jellyfish have adapted to a wide 
range of ecological situations by 
developing different sizes, shapes, 
and rigidity of the bell and tentacles, 
all of which significantly affect the 
mechanics of the animals and their 
interaction with the fluid environment. 
Consequently, the nervous system 
must also be matched to the animal’s 
physical properties. Comparative 
approaches in jellyfish might provide 
insights into how neuronal networks 
can create a diverse range of 
functions from a limited degree of 
complexity. It is also of interest that 
many medusozoans are capable of 
regenerating large portions of their 
nervous system, and appear to use 
different combinations of stem cells 
and committed cell types.
What resources and tools are 
available for studying jellyfish 
nervous systems? Taking advantage 
of the effectively two-dimensional, 
transparent, gelatinous body, various 
physiological, histological, and 
pharmacological approaches have 
been employed to examine cellular 
and network-level mechanisms in 
jellyfish. One of the most important 
resources lacking at present is a set 
of genetic and molecular tools. For 
the Hydromedusan species Clytia 
hemisphaerica and Podocoryne, 
expressed-sequence tagged (EST) 
databases are publicly available 
through NCBI dbEST, and genome 
sequences are forthcoming. 
Genome projects for Aurelia sp.1, 
and Cladonema pacificum are also 
under way. Efforts are being made to 
develop molecular tools, including 
RNA interference (RNAi), morpholino-
antisense oligonucleotides, and 
transgenesis. Arrival of such resources 
should establish the jellyfish as a 
valuable model to study function, 
development, and the evolutionary 
origins of nervous systems.
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The number of humans on earth is 
increasing, generating concerns 
about food security and spurring 
efforts throughout the world to 
increase the productivity of crops. If 
a way could be found to increase the 
yield of crops by, say, 20%, it would 
have immense impact on global food 
supplies. Fortunately, evolution has 
already crafted such a mechanism, 
known as C4 photosynthesis. The C4 
pathway is in effect a turbocharger 
for the more conventional C3 pathway. 
Just as a turbocharger improves 
performance of an engine by forcing 
more air into the manifold, C4 
improves photosynthetic performance 
by forcing CO2 into the standard 
C3 photosynthetic apparatus. The 
added efficiency of this mechanism is 
obvious at a global level. Only about 
3% of flowering plant species use the 
C4 pathway, but this relative handful 
of species account for 23% of the 
carbon fixed (primary productivity) 
in the world. The pathway occurs in 
several of the world’s major crops, 
notably maize (corn) and sorghum, 
and in many of the species in use 
as biofuels, most importantly sugar 
cane; all of these are grasses in the 
family Poaceae. If a major C3 crop 
such as rice could be bred to use the 
C4 pathway, the economic impact 
would be immense. 
This Primer will summarize the 
current state of knowledge about 
C4 photosynthesis and highlight 
one of its enduring mysteries — 
despite years of study and deep 
understanding of its physiology, 
biochemistry and ecology, the trigger 
for development of C4 remains 
unknown. As noted in the next 
section, the pathway has arisen many 
times in recent evolutionary history. 
The physiological, biochemical, 
anatomical, and genetic data 
described in the subsequent 
sections all point to a process 
whose complexity appears at odds 
with the apparent ease with which 
C4 originates. Some hints about 
the controls come from the study 
of photorespiration, so-called C2 
photosynthesis, but, as outlined 
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Figure 1. Conditions favoring C3 plants versus 
C4 plants. 
Temperatures and CO2 concentrations at 
which C3 or C4 plants are favored, based on 
the quantum yield of photosynthesis. At high 
temperatures or low CO2 concentrations, C4 
is favored over C3 because of losses due to 
photorespiration. (Figure credit: Springer from 
Ehleringer, J.R., Cerling, T.E., and Helliker, 
B.R. (1997). C4 photosynthesis, atmospheric 
CO2, and climate. Oecologia 112, 285.)in the last section, plant biologists 
are still trying to determine both 
how C4 originates and why, given 
its many advantages, it is not more 
widespread. 
Ecology and geological history
C4 is biochemically complex; to turn 
a C3 into a C4 plant appears to require 
modification of dozens of genes. 
Evolutionary theory suggests that 
complex adaptations should originate 
rarely, yet C4 has arisen in at least 66 
lineages of angiosperms, appearing in 
19 unrelated plant families. The best 
studied of these is the grass family, 
in which C4 has originated at least 
22 times. The repeated origins of the 
pathway suggest that the controls 
of C4 should be common and fairly 
simple, and yet they continue to elude 
searchers. 
C4 is energetically beneficial for the 
plant only at certain temperatures 
and concentrations of atmospheric 
CO2 (Figure 1). At the very high 
CO2 concentrations that prevailed 
throughout much of earth’s history 
(above 700 ppm) C4 provides little 
advantage. However, at current CO2 
concentrations of 380 ppm and 
warm summer temperatures of 30oC, 
C3 plants can capture and store a 
theoretical maximum of 4.6% of the 
energy received in sunlight, whereas 
C4 plants could theoretically capture 
6%. Actual values are much lower 
than these theoretical maxima, but 
it is clear that C4 plants have an 
advantage. 
Atmospheric CO2 dropped from 
Eocene levels above 1000 ppm to well 
below 700 ppm about 32 million years 
ago, and the first C4 plants appeared 
around this time (Figure 2). However, 
they did not cover vast areas of the 
globe as they do today. Initially they 
were only minor components of the 
earth’s ecosystems. 
In the last 8 million years, C4 
grasses have come to dominate 
much of the earth’s land surface, 
and are now the major components 
of areas such as the Great Plains 
of North America, the enormous 
African grasslands, and large parts of 
Australia. It is unclear whether they 
are dominant because they are C4 or 
if their high efficiency photosynthesis 
is merely coincidental, a historical 
artifact. Early authors thought that the 
spread of the C4 grasslands was due 
to low CO2 but paleoclimatological 
literature shows that the drop in atmospheric CO2 levels was far 
earlier. This has led to the suggestion 
that C4 grassland expansion may 
have been caused by increased 
seasonality, with warm wet growing 
seasons alternating with months 
of drought; the latter conditions 
would favor the increased water use 
efficiency of C4 grasses. In areas with 
high precipitation during the growing 
season, plants can accumulate 
considerable biomass, particularly 
if the foliage is tough and resistant 
to grazing. If this wet season is then 
followed by a long dry season, the 
dessicated biomass can then burn. 
Physiology
C4 plants make more efficient use of 
available light than their C3 relatives, 
particularly at high temperatures; 
this makes C4 plants particularly 
successful in areas with high light, 
low water, and low nutrients. In full 
sunlight, C3 plants use only a fraction 
of the available light energy; the 
ability of the plant to pull CO2 out of 
the air and turn it into carbohydrates 
reaches its maximum at light levels 
well below that of full sunlight. In 
contrast, C4 plants continue to turn 
CO2 into carbohydrate as available 
light increases. In addition, the 
concentration of CO2 at which the 
CO2 produced by cellular respiration 
exactly matches the amount 
fixed by photosynthesis (the CO2 
compensation point) is remarkably 
low.
C4 plants also make better use 
of water and nitrogen than C3 
plants do. The C4 plant can keep 
its stomata closed and pull internal 
CO2 down to much lower levels 
before photosynthesis slows and the 
stomata must be opened again. C4 
plants also produce more biomass 
and have a higher photosynthetic rate 
per unit of nitrogen than C3 plants. 
This means that C4 plants can grow 
and reproduce even on nitrogen-
poor soils, and are particularly able 
to allocate biomass to roots, thus 
providing a fitness advantage. Also, 
C4 plants can use any added nitrogen 
to increase leaf area and hence 
overall photosynthetic output, thus 
providing a yield advantage. 
Biochemistry
Understanding the C4 turbocharger 
requires a brief review of the 
C3 photosynthetic engine. 
Photosynthesis involves the capture of CO2 from the air and reduction of 
the CO2 to sugars, using energy from 
the sun. CO2 reduction is catalyzed by 
the ubiquitous enzyme ribulose 1,5-
bisphosphate carboxylase/oxygenase 
(Rubisco), which attaches CO2 to 
carbon 2 of ribulose 1,5-bisphosphate 
(RuBP) (Figure 3). This creates an 
unstable 6-carbon compound that 
immediately falls apart to form two 
molecules of 3-phosphoglycerate 
(3-PGA). In experiments in which the 
CO2 was radioactively labeled, the 
label was first detectable in these 
3-carbon products, hence the name 
C3 photosynthesis. 3-PGA is then 
reduced and used to build 6-carbon 
sugars and to regenerate RuBP. 
Rubisco can also act on oxygen 
(as implied by the inclusion of 
‘oxygenase’ in the name of the 
enzyme) (Figure 3). Like CO2, 
O2 enters the active site and is 
covalently bound to RuBP at 
carbon 2. As with the carboxylase 
reaction, the 5-carbon product of 
the oxygenase reaction is unstable 
and immediately produces one 
molecule of 3-PGA and one of 2-
phosphoglycolate, with two carbons. 
The 3-PGA continues through the 
cycle to regenerate RuBP, but the 
2-phosphoglycolate undergoes a 
complex and energetically expensive 
set of changes. The phosphate group 
is removed and the glycolate is then 
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Figure 2. History of atmospheric CO2 and temperature, and the appearance of C4 plants. 
Atmospheric CO2 concentration (red) and d18O ratio (gray) through the last 46 million years. 
Estimated atmospheric CO2 dropped below ca. 700 ppm about 30 million years ago. C4 isotopic 
signatures and microfossils appeared soon after. d18O is inversely related to global tempera-
ture, which is currently lower than it was in the mid-Eocene. Expansion of the C4 grasslands 
(green) occurred well after the origin of the C4 pathway. (Figure used with permission from R.F. 
Sage.)shuttled to the peroxisome, where 
it is converted to glycine, which 
is then sent to the mitochondrion. 
There, two molecules of glycine 
are combined to make one serine, 
which releases a molecule of CO2. 
The serine can then be used in other 
metabolic reactions or returned to 
the chloroplast. The entire process 
consumes ATP and NADPH, making 
it metabolically costly. This process 
is called, somewhat unfortunately, 
photorespiration, in that it leads to 
release of CO2 in the light despite 
having little to do with cellular 
respiration per se; it is also known as 
the C2 cycle.
The oxygenation reaction catalyzed 
by Rubisco and the subsequent 
cycling of glycolate clearly makes 
C3 photosynthesis less efficient. 
Rubisco is an ancient enzyme, shared 
by all photosynthetic organisms, 
including cyanobacteria (although 
its quaternary structure varies); it 
originated before the atmosphere 
contained significant oxygen and 
thus the oxygenation reaction is 
evolutionarily late. Because Rubisco 
was part of the process that created 
atmospheric oxygen, it is quite 
literally a victim of its own success. Although the oxygenation reaction is 
costly, it cannot be eliminated entirely 
and appears to serve some function 
in the plant. Mutations in enzymes of 
the glyoxylate cycle in both C3 and C4 
plants are lethal unless CO2 levels are 
very high. 
Whether Rubisco fixes CO2 or 
O2 depends on the concentrations 
of the two gases and also on the 
temperature. At modern atmospheric 
concentrations of CO2 and O2, CO2 
fixation prevails below temperatures 
of about 20oC, whereas O2 fixation 
becomes increasingly important at 
higher temperatures. The O2 reaction 
(photorespiration) is widespread 
in angiosperms and appears to be 
particularly common in environments 
with high temperature and high 
moisture. 
The C4 turbocharger makes 
photosynthesis more efficient by 
continually pushing CO2 toward the 
active site of Rubisco no matter what 
the temperature and atmospheric 
concentration of CO2 are; by 
saturating Rubisco with CO2, the 
oxygenation reaction is suppressed 
and carbon reduction can proceed as 
fast as the enzyme can operate. C4 
plants isolate Rubisco in cells next to the vascular bundle and exclude it 
from the cells in the middle of the leaf 
(the mesophyll). C4 photosynthesis 
then takes over in the mesophyll 
by using carbonic anhydrase to 
hydrate CO2 and produce bicarbonate 
(Figure 4). This bicarbonate is 
bound to the 3-carbon compound 
phosphoenolpyruvate (PEP) by the 
enzyme PEP carboxylase (PEPC) to 
make the 4-carbon oxaloacetate. 
Because the first product of this 
pathway is a 4-carbon compound, 
the pathway is known as C4. Unlike 
Rubisco, PEP carboxylase has 
only two substrates — bicarbonate 
and PEP — and binds both with 
high affinity. Oxaloacetate is then 
reduced to malate (by malate 
dehydrogenase) or to aspartate (by 
aspartate aminotransferase). The 
reduced 4-carbon compound is then 
delivered to cells with Rubisco as 
described in the next section, where 
it is decarboxylated. The CO2 is 
immediately taken up by Rubisco and 
normal C3 photosynthesis takes over. 
The remaining 3-carbon compound 
(pyruvate) is either returned to the 
mesophyll or converted first to 
alanine and then sent back; in the 
mesophyll pyruvate phosphate 
dikinase (PPDK) regenerates PEP. 
Because of the very different 
affinities of Rubisco and PEP 
carboxylase for CO2, C3 and C4 plants 
differ in the carbon isotopes that they 
assimilate. While most atmospheric 
CO2 is made up of 12C, a small fraction 
includes 13C. Rubisco has a fairly high 
Km and hence low affinity for CO2, and 
preferentially fixes 12C. The ratio of 13C 
to 12C (d13C) in a C3 plant is thus much 
lower than the ratio in the atmosphere; 
the carbon in structural and storage 
carbohydrates contains much less 
13C. PEP carboxylase has a lower 
Km for CO2 than Rubisco and hence 
a higher affinity; as a consequence it 
discriminates much less against 13C 
than Rubisco does, so that the d13C 
is appreciably closer to atmospheric. 
The value of d13C is thus a reliable and 
easy indicator for the photosynthetic 
pathway and has been used to screen 
hundreds of plant species using 
fragments of dried leaves taken from 
herbarium specimens. Thus, we have 
a good idea of which species of plants 
use C4.
Cellular localization and anatomy
For C4 photosynthesis to work, 
the carbon fixation activity of PEP 
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Figure 3. The carbon fixation and oxygenation reactions of Rubisco.
A model of the hexadecameric protein is shown in the center. To the left is the C3 carbon fixation 
cycle and to the right is the photorespiratory cycle. ATP, adenosine triphosphate; CH2O, carbohy-
drate; RuBP, ribulose 1,5 bis-phosphate; PGA, 3-phosphoglycerate (a 3-carbon compound); PG, 
phosphoglycolate (a 2-carbon compound). (Figure credit: Sinauer Associates from Bloom, A.J. 
(2009). Global Climate Change: A Convergence of Disciplines. (Sunderland, MA: Sinauer Assoc.).)carboxylase must be physically 
separated from Rubisco and the 
carbon reduction process (Figure 4). 
In C3 plants, Rubisco is produced 
in mesophyll cells; CO2 and O2 
simply diffuse into these cells and 
are picked up by the enzyme. In C4 
plants, PEP carboxylase is produced 
in the mesophyll instead of Rubisco, 
and only carbon assimilation and 
fixation occur in the mesophyll. 
Carbon reduction, still accomplished 
by Rubisco, occurs in the cells 
immediately surrounding the vascular 
bundle, known as the bundle sheath, 
where Rubisco is sequestered. 
This tight coupling of cell types 
requires that every mesophyll cell 
be immediately adjacent to every 
bundle sheath cell and that the cells 
be intimately connected by numerous 
plasmodesmata. Thus, C4 plants have 
veins that are much more closely 
spaced than those in C3 plants. 
Photosynthetic pathway and vein 
spacing correlate perfectly, making 
it fairly easy to determine whether a 
species is likely to be C4 simply by 
examining a leaf cross-section. 
Despite the progress in 
understanding vein formation in 
general, existing data show that 
there is no simple developmental 
switch between C3- and C4-like 
spacing. Vein differentiation in leaves 
is controlled largely by the hormone 
auxin, and vein density can be 
increased by increasing the amount 
of auxin in the leaf primordium. C4 
species in the dicot Flaveria form an 
additional set of veins in the same 
time that the C3 species is forming 
one; in other words, the C4 species 
simply accelerates the process of 
vein formation without changing 
its duration. However, the genes 
controlling this developmental pattern 
are unknown. 
Genes and development
The chemical reactions involved in 
C4 biochemistry are not novel. All 
occur in C3 species as well, although 
they may not be used primarily 
in photosynthesis. C4 has simply 
recruited the relevant proteins to 
function at a particular time and 
place and then increased production, 
generally by increasing transcription. 
Changing the function of a protein is 
tricky, because the new (C4) function 
cannot compromise its older (non-
C4 or non-photosynthetic) function. 
Often, adding a new function for a protein occurs by duplication of the 
gene that produces it, creating a 
new isoform with the same catalytic 
properties. Gene duplication 
then provides the opportunity for 
development of a new role. 
For example, PEPC has many roles 
in plants; the carboxylation of PEP 
is required to create four carbon 
backbones for some amino acids, it is 
involved in regulation of cellular pH in 
specialized cell types, and it occurs 
during many plant developmental 
processes, including nodulation in 
legumes. Each plant has several 
genes that encode PEPC, and only 
one of them is co-opted for use in 
C4 photosynthesis. The particular 
copy used differs in different species; 
this is what we would expect if 
C4 has evolved independently in 
different plant lineages. Among all C4 
angiosperms, the C4 PEPC enzymes 
have different primary sequences. 
However, natural selection has 
repeatedly and consistently 
selected for a serine at position 
774 (numbering from the Flaveria 
protein). This serine appears to 
reduce feedback inhibition by malate, 
so that the enzyme can continue 
to function even as it is raising the 
cellular concentration of 4-carbon 
compounds. 
Creating a new gene also requires 
creating a new set of controls for 
gene transcription. When mRNAs 
in C3 leaves are compared to those in C4 leaves, hundreds to 
several thousand genes appear 
to be differentially controlled. It is 
tempting to think that the C4 genes 
might share a particular promoter 
element and perhaps be regulated by 
similar transcription factors, but this 
appears not to be the case. There is 
no known master regulator. However, 
assessing promoter elements on 
a genome-wide scale has only 
been efficient in the last few years, 
and whole genome sequences are 
beginning to accumulate rapidly. The 
apparent lack of conserved regulatory 
sequences may simply reflect a lack 
of appropriate tools with which to find 
them. 
Changes in transcript accumulation 
during development are particularly 
easy to assess in grasses, in which 
an entire developmental gradient 
is contained in a single leaf. The 
leaf begins development while 
still enclosed in the sheaths of the 
leaves below it; at this stage it is not 
illuminated and is receiving carbon 
from elsewhere in the plant; i.e., it is 
a carbon sink. As the leaf continues 
to elongate, the apex emerges into 
the light and begins photosynthesis; 
it becomes a carbon source. The leaf 
then matures from the apex to the 
base. Transcripts for all the enzymes 
of the C4 pathway increase as the leaf 
undergoes the transition from sink to 
source. The C3 pathway in the bundle 
sheath is activated at the same time 
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Figure 4. C4 photosynthesis. 
The reactions of C4 photosynthesis, involving a carbon shuttle between a mesophyll cell (left) 
and a bundle sheath cell (right). CO2 from the atmosphere diffuses into the mesophyll cell 
where it is reduced by CA. PEPC then binds the HCO3- and PEP to produce the four carbon 
OAA. OAA is reduced to MAL by MDH and the MAL is transported to the bundle sheath via 
plasmodesmata. CO2 is removed from MAL by NADP-ME and is picked up by Rubisco, which 
reduces it and initiates the C3 (Calvin) cycle to produce sugars. The pyruvate released by the 
decarboxylation of malate is returned to the mesophyll cell where it is phosphorylated by PPDK 
to regenerate PEP. CA, carbonic anhydrase; PEPC, PEP carboxylase; PEP, phosophoenolpyru-
vate; OAA, oxaloacetate; MAL, malate; MDH, malate dehydrogenase; NADP-ME, NADP-malic 
enzyme; PGA, phosphoglycerate; PVA, pyruvate; PPDK, pyruvate phosphate dikinase; RuBP, 
ribulose 1,5 bisphosphate; TP, triose phosphate; green ovals, chloroplasts. Note that the CO2 
concentration is much higher in the bundle sheath cell than in the mesophyll. (Figure used with 
permission from R.F. Sage.)as the C4 pathway in the mesophyll, 
indicating that the mesophyll never 
passes through a C3 stage. Thus, 
while C4 is biochemically an add-on to 
C3, the pathways are fully integrated, 
at least in maize, and the plant does 
not switch from one to the other. 
C2 photosynthesis
C4 is one way to reduce the CO2 loss 
associated with photorespiration, but 
other solutions have evolved as well. 
These are coming under increasing 
scrutiny in the hope that they may 
shed light on the kinds of changes 
that led up to the origin of C4. 
Some plants that are physiologically 
C3 have shifted photorespiration to 
bundle sheath cells or to mesophyll 
cells that are close to the bundle 
sheath, in a process known as C2 
photosynthesis, since it is built on the 
photorespiratory (2-carbon, glycolate) 
cycle (Figure 5). In C2 plants, glycine 
decarboxylase, which releases CO2 
as serine is produced from glycine, is 
only expressed in the bundle sheath. The CO2 then must pass through 
mesophyll cells before it can diffuse 
out of the leaf; in the process much is 
captured by Rubisco. Thus, C2 plants 
increase the efficiency of C3 even in 
conditions of high photorespiration 
(e.g., high temperature or low internal 
CO2 levels). 
C2 photosynthesis has been 
described by some authors as being 
intermediate between C3 and C4, and 
has been suggested as a step on the 
way to developing a fully functional 
C4 pathway. However, many species 
that exhibit C2 photosynthesis are 
not phylogenetically intermediate 
at all, but rather seem to represent 
isolated origins of C2; this is another 
argument for use of the term C2 
rather than C3–C4 intermediate. 
Nonetheless, C2 plants resemble 
C4 plants in that the numbers of 
organelles in the bundle sheath 
are higher than in their C3 relatives 
and critical enzymes are localized 
in particular cell types. C2 is not 
common in the flowering plants. However, it is difficult to detect 
because the leaf anatomy and d13C 
are indistinguishable from C3; it could 
be far more common than it appears. 
Why aren’t all plants C4?
Given the high efficiency of C4 in 
warm climates and the apparent 
ease with which it evolves, it is 
surprising that there aren’t more C4 
species. After all, if a physiological 
process allows a plant to produce 
more biomass and (presumably) 
more seeds, then it should take over. 
One possible explanation might be 
that C4 is hard to evolve — i.e., it 
requires a complex set of mutations 
and a particular set of environmental 
conditions. 
We know several factors that 
are preconditions for evolving 
C4 — factors that are necessary 
but not sufficient in themselves. 
First is a set of gene duplications, 
making extra gene copies available 
for modification. For example, a 
whole genome duplication occurred 
coincident with the origin of the 
grasses. However, whole genome 
duplications are far more common 
in plants than is C4, so duplication 
alone is not sufficient. Second are 
environmental forces such as low 
atmospheric CO2, high temperature 
during the growing season, high 
light and aridity or salinity. All these 
factors appear to provide a selective 
pressure but do not lead inevitably 
to C4. 
Modified vein spacing, increased 
size of bundle sheath cells, and 
increased numbers of organelles 
in the bundle sheath may all 
be other preconditions or may 
themselves somehow precipitate 
C4 development. An argument for 
the latter hypothesis is the fact 
that C3–C4 intermediate anatomy is 
not common; thus, it appears that 
once anatomical change occurs, 
C4 develops soon afterward. 
Subsequently, by localizing 
mitochondria to the inner bundle 
sheath cell wall, CO2 released by 
C2 photosynthesis can be captured 
by chloroplasts arranged around 
the outer wall. This then sets the 
stage for the elaboration of C2 
photosynthesis and restriction of 
enzyme activities to the bundle 
sheath. Once such anatomical, 
histological and biochemical 
changes have occurred, development 
of full C4 then requires differential 
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Figure 5. C2 photosynthesis. 
Oxygen binds to Rubisco in chloroplasts of the mesophyll to produce PG. This is then trans-
ported to the peroxisome where it is converted to glycine. Glycine is then transported to the 
centripetally arranged mitochondria of the bundle sheath, where two molecules of glycine are 
converted to one of serine plus one CO2. The serine is imported in to the peroxisome where it 
is converted to GLA. The CO2 is recaptured by centrifugally arranged chloroplasts. PG, phos-
phoglycolate; GDC, glycine decarboxylase; GLA, glycerate; green ovals, chloroplasts; pink 
ovals, mitochondria. (Figure used with permission from R.F. Sage.)
Artificial microRNAs 
reveal cell-specific 
differences in small 
RNA activity in pollen
Robert Grant-Downton1,  
Sofia Kourmpetli2, Said Hafidh2, 
Hoda Khatab2, Gael Le Trionnaire2, 
Hugh Dickinson1, and David Twell2,*
Pollen formation, while critical for the 
success of plant reproduction, also 
represents an important paradigm for 
differential cellular development within 
small groups of cells. In Arabidopsis 
thaliana pollen, the male meiotic 
product first divides asymmetrically 
to form a vegetative and a generative 
(germ) cell, the latter then dividing to 
generate two sperm cells. Here we 
have used artificial microRNAs to study 
small RNA processing in the different 
pollen cell types. Our data suggest 
that translational repression by small 
RNAs is enhanced in the sperm. 
This work also provides insights into 
germline RNA movement and the cell-
autonomous action of microRNAs.
Pollen development is accompanied 
by changes in the expression of many 
non-coding small RNA biogenesis 
genes [1,2] and in target cleavage by 
diverse microRNAs [1]. To determine 
whether the vegetative cell and the 
germline within the pollen grain differ 
in microRNA processing and target 
silencing, we generated artificial 
microRNA (amiR) constructs driven by 
cell type-specific promoters. AmiRs 
are effective tools for gene silencing 
in plants; by exploiting a non-coding 
RNA backbone that forms a precursor 
‘hairpin’, the region excised by DICER-
LIKE1 to form a mature microRNA can 
be engineered to specifically target 
RNAs through ARGONAUTE-mediated 
interactions [3]. Thus, specific RNAs 
can be ‘knocked-down’, generally by 
cleavage, the predominant mode of 
microRNA action in plants. 
First, to test our experimental system 
we designed an artificial microRNA 
construct (amiRGFP) to silence a 
GFP marker expressed specifically 
either in the germline (sperm cells) 
or in the accessory vegetative cell of 
pollen. To express the amiRGFP we 
chose the tomato LAT52 promoter, 
Correspondencesregulation of Rubisco and PEP 
carboxylase. 
Conclusions
Despite its economic and ecological 
importance, and despite years of 
research on all aspects of the C4 
pathway, one major obstacle lies 
in the way of using it to increase 
crop yield — we do not know 
how it is controlled. This limits 
our ability to understand how the 
pathway evolved and how it can be 
manipulated in crops. If we are to 
use C4 photosynthesis to improve 
crop yields, a deeper understanding 
of the controls of the pathway will 
be required. This understanding is 
likely to come from a combination of 
genetic, genomic, and comparative 
evolutionary studies. The controls of 
leaf anatomy and histology remain 
poorly understood. In particular, the 
regulation of vein density, size of the 
bundle sheath, and organelle number 
are unknown, although clearly they 
are related to the dynamics of auxin, 
and may also be affected by duration 
of the activity of regulatory genes. In 
addition, the photorespiratory cycle 
may provide some clues. If localization of the C2 cycle to bundle sheath cells 
establishes a pre-pattern for C4, then 
the mechanisms by which those 
enzymes are localized are important 
aspects of the pathway, as is the 
evolutionary history of their regulation.
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